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Optical T;- ;s ,issiun Through Clouds
Cubic Cloud \Iodel and S. mia~ or

1.0 L\'TRODUCTION

Optical transmission through ciouds is of importance in optical communicauors
and remote sensing applications. In both dowr'nk and uplink communications
systems the transmission and reflection of signal and -,Kc:kground !!ght from clouds
is of importance in determining the strength of the perceived signal-to-noise ratio.
Of equal importance is the spatial, angular, and temporal spreading of the siznal
pulse in the cloud. That is, due to random scattering events in tne cloud a
collimated signal will be physically wider, decollimated, . .d arrive at the reccver
over tilme neriods exceeding the original pulse. All of thtre can impact the signal-
-o-noise ratio. Likewise, in remote sensing, a thorough understanding of the
reflecticn .rom cloud surface is required in order to ascertain the cloud otical

properties.

This report is part of an ongoing effort at NOSC to characterize clouds. In toe past,
most of the effort has been placed on the characterization of stratus clouds. L1 this
connection, analytic models have been developed for cloud transmission and
simulations have been carried out for spatial and temporal spreading. Now
attention is being turned to finite clouds. The transmission and spreading (spatial,
angular, and temporal) are all of interest for finite clouds.

A simulation was developed for radiative transfer in finite clouds in order to gain
insight into the cloud characteristics. This report describes the finite cloud model
and its verTiication for a stratus cloud. The results are compared with the current
deterministic link models.

Section 2 contains a technical description of the model. Section D, contains the
results of cloud simulations and comparison with other models. Conclusions and
recommendations are proffered in Section 4. References can be found in Section

.D TECI-N,'ICAL DISCUSSION

> Background

-- ce simulation of radiative transfer in clouds is carried out by the .1,nte Carlo
method. In a Monte Carlo computation one photon at a time is followed in its
:hree-dimensional path through a scattering medium. Its fate is determined by
suitable probability distributions for mean free path, absorption, scattering angle,
re lection angle from a surface, absorption at a surface and so on. The photon is
:,..owed until it is absorbed, detected, or leaves the field of interest. A , tu Icient
::umner of such photons are followed until a picture of tht e emr.os. .\

eaied accounting ,1 the Monte Carlo mothod is given in Appendix .
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Monte Carlo simulations havc been used in the past at NOSC to de', elon models for
spatial and temporal spreading in stratus clouds. These models consist or curve :its

to sLmulation data and are necessarily limited in applicability to the ranges of optical
and physical properties used in the simulations. The curve fits currently in use ar-e
not built upon analytic models and essentiallv have no physical basis. They have
not been adequately documented and, as will be seen later, may not be appiicable to
communications problems.

For the treatment of finite clouds, a "cubic" (actually parallelpiped) cloud model h
been developed. The model is supplemented b-, the inter-;tv refeTc:,ce method
which is used for the prediction of photon detection by surface receivers. In the
fo!lowing sections the cubic cloud model and intensity reference method are
described. The application of these models to the prediction of signal, background.
cloud transmission and optical thickness, and slgnal-to-noise ratio are described.

2.2 Cubic cloud model

The cubic doud model consists of a parallelpiped doud situated above the ground.
The cloud geometry and coordinate system are shown in Figure i The three sides
or -he parallelpiped as well as the zenith and azimuth of the incoming photons may
ne specified independently. The model is then completely specified bv the optical
thickness of the cloud and the asymmetry parameter. The model uses the Henvey-
Greenstein phase function for the prediction of scattering angle and Poisson
staustcs or the mean free path (see Appendix A for a more complete description.)

Photons may enter the cloud in from one to three faces, depending upon the source
zenith and azimuth. For each 'ace that receives photons a complete simulation is
nerforrmed. Actually, these are identical calculations with the appropriate
coordinate transformation and source angle. Moreover, the number of photons
entering each face is adjusted so that each face has the same energy flux.

Thus. the model appropriately accounts for the photons entering different laces ano
comoutes the fraction of photons exiting from each of the six faces. In addition, the
-ean and standard deviation of the exit angle cosine, average position ,nd distance
traveled are computed. Table 1 shows a typical set of input and output-

in order to isolate the cloud behavior, the present cubic c'oud mode Joes not
Consder the surrounding atmosphere.
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2.3 Intensity Reference Method

The cu'bic cloud model can be applied to communications problems by allowing the
col!E.-ton of photons at a receiver. Typically, the receiver is sufficiently far from the
clouc and sufficiently small that literally millions of photons must be generated for
each one reaching the receiver. Clearly, this is undesirable because of the large
computation time required. Instead, recourse is made to an adaptation of the
intensity reference method due to Meier, Lee, and Anderson (1978). In this
technique, the probability of reaching the receiver is computed and stored as each
photon exits the cloud. The accumulated probabilities are proportional tc the
intensity. A more detailed description of the intensity reference method is given in
Appendix B.

The intensity reference method considers the probability of the photon reaching a
detector as a consequence of a scattering event. Figure 2 shows a schematic of the

method. Starting at the scattering event the photon has a probability of P (8,)do) of
being scattered in the direction of the receiver (if it is in the receiver field of view).
Along that path there may also be a probability of the photon being absorbed or
scattered out of the path. In addition, if the photon is being multiply-scattered then
a weighting function would also be applied if absorption is present.

The advantage of this method is that, in contrast to the low likelihood of a photon
actua!iy hitting receiver, there will dways be some probability of it actually
occiirring. Thus, summing probabilities greatly improves the statistics, since each
scattering event contributes to the intensity. In addition, the probability is computed
exactly from the scattering point to the receiver; no other approximations are
introduced. Moreover, the technique lends itself to vignetted receivers, i.e.,
receivers with a limited field of view (which lowers the likelihood of a photon
hitting the receiver even further).

In the present adaptation of the intensity reference method the probability of
reaching the receiver is computed as the photon exits the cloud. Thus, the photon is
followed through the cloud until it exits, at which point the probability of being
scattered toward the receiver is calculated from the last collision. More generally,
the probabilities would be computed as the photon is scattered in the atmosphere.

A variation of the intensity reference method was tried assuming a Lambertian
radiance profile at the cloud base. In this case, the probability is computed, from the
radiance profile rather than the scattering. The results so obtained were
unsatisfactory because of inconsistencies with the globai cloud transmission. This
led to an investigation of the radiance profile beneath a cloud. These results showed
that while the radiance profile beneath is a thick cloud is relatively independent of
cloud optical thickness and source zenith it is not Lambertian. Rather, it is skewed
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to favor forward scattered photons. These results are discussed in Section 3. At any
rate, this method was not compatible with the intensity reference method.

The intensity reference method is well suited to this problem and would work
equally well if there was an atmosphere. The success of the method is due largely to
the far-field approximation being satisfied. Specifically, the receiver is small
compared with the range and the solid angle may be considered as a differential.
When this assumption breaks down the phase function must be integrated over the
solid angle. This is discussed further in Appendix B.

2.4 Receivers

Two types of receivers were modeled to work in conjunction with the cubic cloud
model. The first is a flat plate receiver with a cosine response function over a 90-
degree half-angle field of view. The second is a vignetted receiver with a cosine
response over a specified field of view (less than 90 degrees). These are referred to as
"ideal" and "actual" receivers, respectively. They can also be thought of as
representing radiometer and communications receivers, respectively. The results
for the ideal receiver can be used to determine the cloud optical thickness from a
simulation just as measured irradiance is used from a radiometer. The results for
the actual receiver can be used to determine signal, background, and signal-to-noise
ratio. These applications are discussed in the following sections.

2.5 Cloud Transmission Model

The method whereby cloud optical thickness can be inferred from a measured
surface irradiance is well known (see, for example, Waldman, 1986). The optical
thickness is exprcssed implicitly in the physical relationship between the perceived
irradiance, cloud transmission, and source irradiance. In the simulation this
translates to

xb Ng3

where Xb is the number of background photons reaching the receiver of area A,
from a source of N photons at a direction cosine 1.P on a cloud of area A,. The
optical thickness 'r can be obtained from Eq. (1) by iteration. Lc is the cloud
transmission given by King and Harshvardhan (1986) and Waldman (1987). In
developing Eq. (1) an ideal (flat plate) receiver has been assumed. The method
applies equally well to a vignetted re'ceiver if Eq. (1) is modified as follows
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__ __ __ _ Npo

A,(1-cOs 28) (2)

where 0 is the receiver field of view half-angle.

2.6 Signal-to-Noise Model.'

The signal-to-noise ratio is defined here as

n2

S/N= n, + nb  (3)

where n, and nb are the number of signal of and background photoelectrons,

respectively.

For a downlink these are defined as follows

= EA~f 1 -vT, (4)

nb= Pb AfSgBT vT" (5)

Note that EsA/fsg in Eq. (4) is simply the fraction of signal energy reaching the
receiver and P, Af, in Eq. (5) is the fraction of background power reaching the
receiver. Equations (4) and (5) take the following form for a simulation

n =E, B T (" )--o T,N hv (6)

nb= E0 y0ABf2 TV ~i)T, (7)

where x, and xb are the signal and background photons collected in the
simulation, respectively. Notice that, in general, these come from different
simulations because the signal and background may have different zenith angles
and spot sizes on top of the cloud (the background always covers the entire cloud,
the signal spot may be any size).
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Signal-to-noise ratio predictions from the simulations can be compared with those
from a deterministic model. Such a model was developed for this purpose. It
contains both signal and background calculations for a receiver below a stratus
cloud. Spot shape is calculated so the results are sensitive to receiver position.
There is no atmosphere in the model.

2.7 Pulsewidth Model

The receiver integration time, T is modeled as it is in the deterministic link model.
For a matched filter it is usually taken as

T = 5 t,, - 2t3 dB (8)

Eq. (8) assumes a modified gamma function pulse; this may no generally be true.
Appendix C contains a more detailed descirption of the modified gamma function.

The receiver integration time in this analysis was measured from the simulation

pulse histogram.

3. RESULTS AND DISCUSSION

Several kinds of results were obtained in the course of testing and verifying the
cubic cloud model. These are described below along with some typical results and
their interpretation.

3.1 Simple cloud model

The cubic cloud model was tested on its own prior to applying it to the signal-to-
noise calculation. The model should demonstrate symmetry and global energy
conservation, and should give the same transmission as the deterministic model
when the cloudlength and width are much greater than height. The simulation
was also tested to ensure that the results for a diffuse source agree with theoretical
predictions; to wit, that a diffuse source produces the same result as an equivalent
direction cosine of y = 2/3. The model does indeed satisfy all these criteria. Tables
1-3 shows the results for series of calculations in which the cloud is progressively
increased in size while its thickness is held constant. These tables show that as the
cloud area increases the photons exiting at the base approach the value of cloud
transmission given by the deterministic model.

John Yen of NOSC has extended this cloud model to study the irradiance patterns
on the surface beneath a finite cloud. His results will be reported separately.
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3.2 Radiance Profiles

A simplified version of the cloud model was deveioped to stud, the radiance
profiles upon reflection and trinsmission from a stratus cloud. The simplifications
consist of removing the cloud edges (i.e., infinite cloud) and using a point source
,rather than one distributed over the cloud area).

The rogram nroduces histograms of the transmission and reflection radiance
profiles expressed as probability density functions versu2 angle. Figures 3-8 show
comparisons of the reflection results with those for a Lambertian profile for two

optical thicknesses (r = 20 and 100) and three source zeniths -0, 60' and diffuse).

T-e results for the source at zenith (;=0°), i.e., Figs. 3 and 6 show non-Lambertian
radiance which favors smaller angles, this effect being more pronounced at higher

optical thickness. The results for an oblique source (= 60'), i.e., Figs- 4 and 7, also
exhibit a non-Lambertian radiance but here the larger angles are favored. Bear .n
mind, however, that these curves represent azimuthal averages and are not really
representative of any particular directional reflectance function. The results for a
diffuse source (assumed to be Lambertian) are shown in figs. 5 and 8. For the
smaller optical thickness (r = 20) the result is similar to that for the obii'ue soarce.

For the larger optical thickness (r = 100) the result is Laimberdian.

agures 9-14 show comparisons of the transmission results with those for a
Lambertian profile for the same conditions as above. These results are fairly
uniform for all conditions. Specifically, all these cases demonstrate that the radiance
rofile is non-Lambertian and favoi sai i angles; the radiance profiles are quite

S1. ma- to each other. Figure 15 shows a composite plot of all the transmission
0s:ograms and comparison with a skewed-Lambertian profile. To first order, it can

e concluded that the transmission radiance profile is independent of optical
:dc.kness and source zenith for thick clouds.

The skewed-Lambertian radiance profile can be represented bv the prob abilitv
density function

p(Oz= (0 : )cos'6&sinH

o r

p(,u,=o ,' n

w ere " I"' or a Lam oer.tean prt 1 e t i1u . J ermned,,mp.r §3. was used to . ,mrate the curve W{r Figure i-.
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In summary, while conventional wisdom holds that the transmission and
retlection functions are Lambertian, they are not. Fransmission radiance profiles
are always skewed to lower angles (i.e., they are more forward scattered than
Lambertian) and reflection radiance profiles are sensitive to cloud optical thickness
and source zenith. Only for reflection of diffuse light from very thick clouds (e.g.,
7 = 100) was a Lambertian radiance protile observed.

3.3 Intensity Reference Method

The cud m oddl was extended to include a surface receiver on the ground. It was
pointed out earlier that to actually collect photons at a small receiver is impractical
and alternative methods were sought. The intensity reference method (IRM),
described in Section 2.2 and Appendix B was implemented. Three probability
models were examined. The first IR.M model assumed that the radiance profile at
th ie base of the cloud is Lambertian. In that case the probability of a photon being
scattered to the receiver is

P -d a (1)

where ac) is the solid angle defined by the receiver from the photon exit point at

the cloud base and u. is the direction cosine. The solid angle is written as a
differental as a reminder that the analysis is valid for small solid angles. For larger
solid ang.es the probability must be represented a an integral, viz.

p = (J12)

since the direction cosine cannot be regarded as a constant over the receiver area.

,able 4 shows the results of a computation with a Lambertian IRM model. The
results are highly unsatisfactory insofar as the transmission predicted for the ideal
receiver is 24% less than the actual value (as determined from the actual number of
,2notons transmitted through the cloud). This discrepancy prompted the analysis of
::loud radiance profiles discussed earlier in Section 3.2. It was concluded that the
discrepancy was due in large part to the failure of the Lambertian radiance profile to
.oacuatelv predict the forward-scattered nature of the radiance profile

T-e second IM mode! assumed that the radiance profile at the base of the cloud is
'Erl:ed-Ldrbertlan (as described above). In that cas*' the probability of a photon

.e:- n scattered to the receiver is
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-2r dr (03)

Table 4 shows the results of the computation with the skewed-Lambertian IRM
model. The results show considerable improvement with the error being brought
down to 10%. This is better but not altogether satisfying. Recourse was made to a
more detailed IRM calculation

In a formal sense the IRM should be based on the actual scattering events rather
than on the global or macroscopic phenomena such as radiance profiles. Thus, the
third IRIM model made no assumptions about the radiance profile. Rather, when
the photon is predicted to leave the cloud (i.e., its last scattering event), the
probability of the photon reaching the receiver is determined by the scattering phase
function, to wit,

p = P (0)dco (14)

where P (8) is the normalized phase function. The Henvev-Greenstein phase
function used in this study is given by

P (0) = I 1- g 2

4 r ( 1 + g 2 2 g M 33

where g is the asymmetry parameter.

Table 4 shows the results of the computation with the Henvey-Greenstein IRM
model. The error is about 2%. Clearly, this is the appropriate IRM model.
Unfortunately, it is somewhat more computation intensive than the other methods
because of the scattering geometry.

The Henvey-Greenstein IRM will be adopted for all further cloud and receiver
simulation in this report.

3.4 RIMS Simulation /Inferred Optical Thickness

The Remote Irradiance Measuring Systems (RIMS) is a field unit for measuring
irradiance. Optical thickness can be inferred from the measured irradiance. The
cloud and receiver simulation are applicable to RIMS. To wit, the optical thickness
can be inferred from "measured" (ie., simulation) photons reaching the receiver.
This method will be employed to determine the optical thickness in model
calculations of signal-to-noise ratio.
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3.5 Pulsewidth

The cubic cloud model was modified to record the temporal behavior of the
photons. Specifically, as photons move through the cloud and to the receiver the
t1=2s of transit -t-e accumulated and the total transit time statistics are collected.
Two types of statistics are developed. One is the simple mean and standard
deviation while the other is a histogram 3f -La'-sit tiL n.

Figures 16-21 show pulsewidth histograms for the ideal and actual receivers for a
variety of conditions. Also shown for comparison is the Lee-Schroeder pulsewidth
model (see, for example, Lee, et al. 1986). The latter model consists solely of a 3dB-
pulsewidth calculation, but a modified gamma function is assumed for the pulse
shape. Since Figs. 16-21 represent the same cloud optical and physical properties
(r = 20, Z = H = 1 kn) the model curve is the same in all the figures. These results
show a considerable discrepancy between the present simulations and the model
The present results show a dependence of the pulsewidth on the signal spot size,
receiver field of view, and receiver ground position which are unaccounted for by
the model. Generally speaking, the model tends to overestimate the pulsewidth
and the results get worse with diminishing receiver field of view.

Unfortunately, the model was never properly documented and so its origins are
unknown. After some study and analysis it was concluded (i.e., guessed) that their
model was based on a point source of photons and an infinite receiver (i.e., the time
for any photons reaching the surface is counted). A simulation was run of the
presumed model described above. The results and comparison with the model are
shown in Figure 22. These results are in very good agreement with each other and
with those shown in Lee, et al. (1986). This lends credence to the hypothesis of a
point source and a distributed receiver and may explain whv the model consistentlv
overestimates the pulsewidth.

3.6 Signal-to-Noise Ratio Simulation

As described previously, the signal-to-noise ratio simulation must be developed
.rom separate simulations for the signal and background. A suite of simulations
was established for comparison with the link model. In all, twelve simulations
were run including:

2 laser zenith angles,
2 laser spot sizes.
2 sun angles,
I cloud condition, and
2 receiver locations.
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Tabit-, _,uough 16 sho, L-lte results of the simulations. The ana!ysis :s ',-nited to a

single cloud condition (r = 20, Z = H = 1 km) because of the excessive computing
time associated with the simulations. (Typically, three hours are required on a
Corn-aq 386/20 writ a Weitek coprocessor to get a decent pulse histogram.) Also,
the receiver field of view half-angle was limited to 45°. Smaller field of view
translates to longer computation time because tewer photons land in the field of
1' 2W.

Looking at Tables 5-16 fhe following is observed: The user supplies the solar zenith,
signal nadir, spot radius on the cloud, cloud top area, receiver displacement (along
the x- or major-axis), the cloud thickness and height, and the receiver parameters
used in the simulation. The user then provides the numbers of photons from the
results of the background and signal simulations and the 3dB puisewidth measured
fron the histograms (Figures 16-21). For the model, the spot extension must be
specified. This was taken as approximately unity for a centered receiver and one-
half for a receiver placed beneath the spot edge. The optical thickness for the
downlink calculation is interred from the background simulation. The results are
show-n in the lower part of the table. The 3dB pulsewidth, signal, background, and
SNR are compared. Also, the receiver displacement (simulation) can be compared
with (half of) the spot major axis on the surface (model).

Generally speaking the simulation and model signal predictions are in good
agreement, with an average difference of about 1.1 dB. There are only two different
background values, and they agree to within less than 0.5 dB. (These results would
probably have been better if a larger cloud area was used, but that would have
increased computation time). The signal-to-noise ratio for the simulation was
tvpically 5 dB higher than that of the model. This is attributed in large part to the
discrepancv of the simulation and model pulsewidth. Figure 23 snows a
comparison of the signal-to-noise predictions f- r the simulation and model.

-.C CONCLUSIONS AND RECOMMENDATIONS

A Monte Carlo simulation for finite parallelpiped clouds has been developed and
tested for consistency with stratus (i.e., infinite) cloud models. Radiance profiles
generated bv the simulation were shown not to be Lambertian as is generally
believed. On transmission, the radiance profiles appear to be relatively independent
of source angle and optical thickness and exhibit a skewed radiance profile which
'avors smaller angles. On reflection, the radiance profiles cannot be so simply
cnaracterized. They are probably bidirectional (i.e., dependent upon the azimuth
angle as wel!, and that was not considered in the present report. Only in the case of
,e..ectlon of a diffuse (Lambertian) source off a veiv thick cloud was a Lam-'ertian
radiance protile observed.
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Pulse histograms wvere t nerated for a number of source and receiver combinations
,or a given cloud condition. The pulsewidth and shape were found to be dependent
1 a on the spot size, source zenith, and receiver field of view and surface location
beneath the cloud in addition to its optical and physical properties. This is in sharp
contrast with the model currentlv used in link programs which depends onvy upon
he opical and physical properties. Simulated pulsewidths were of the order of one-

half of the predicted values for the actual receiver.

qn-i:nai-to-noise ratios generated from simulations were also carrled out and
compared with model results. Generally, the background values agree well (les
than 0.5 dB difference) and the signal values agree well (about I dB difference). But
t:e signal-to-noise ratio is typically about 5 dB higher in the simulation than in the
nodel, due in large par' to the discrepancy in the pulsewidth.

-n work described ;i this report shows that the cubic cloud model has great
-otential for expandi7 g our understanding of radiative transfer in clouds But this
:s onlv the first step. This model is a valid tool for studying non-uniform cloud
on-ics and should be applied to the downlink, uplink, and remote sensing problems.
Also, the results of the radiance profile and puewidth indicate that the spatial,
angular and temporal spreading of light in stratus cloud should be re-examined.
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SIMULATTON OF LIG HT SCATTERING IN CLOUDS
SVS/Weitek Version

Select C IRS Model ^?rint ^,FF
................................................................................

N(o. of photons .................. 25000 X( dimension (km) .............. 1.00
Y( dimension (km) ............. i.00

S(ource zenith (deg) ........... 30.00 Z( dimension (km) ............... 1.00
A(zlmuth (deg) ................... 30.00

Estimated time .................... 12.50

> ptical thickness of cloud... 50.00 Start time ................. 1:21:34.55
g( asymmetry param for scat... 0.875 End time .................... 1:29:12.79
Continuum model Lc ............ 17.42

X+ ._ Z,+ X- Y€- Z-
..............................................................

Zcun : %; 13.24 13.33 10.01 20.89 18.2: 24.32
<Cos> 0.667 0.662 .749 -0.642 -0.622 -0.675
dev 0.374 0.388 0.412 0.380 0.388 0.375
X 0.500 -0.082 -0.206 -0.500 -0.021 0.001
y -0.040 0.500 -0.113 -0.004 -0.500 0.003
Z -0.231 -0.185 0.500 -0.038 -0.065 -0.500
<d> 0.709 0.736 0.712 0.602 0.614 0.635

Table 1. Resul- of Cubic Cloud Simulation (xxl km Cloud)
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S :M'-:AT ION OF L I G H T S CAT T E R I N G I N C L O1) "1
SVS/Weitek Version

Select C IRS Model ^Pri~t

N o. :f ntons ................... 25000 X( dimension (km) ............... 5.00
Y( dimension (km) ................ 5.00

Soource zenith (deg) ............. 30.00 Z( dimension (km)............. ... 1.00
A~zimzth eg) ................ 30.00

Estimatea time ................... 12 50
3(rnt-cal tnickness of cloud... 50.00 Start time ...................12:03:01.63
g( asv: etry param for scat - 0.875 End time ..................... 2:15:20.60
zntn. uum model Lc .......... .. 17.42

X+ Y+ Z' -Y Z-

4.90 4.47 15.27 8.32 6.90 60.14
<:OS> 0.681 0.674 '0.718 -0.659 -0.643 -0.682

1.421 1.438 1.971 1.424 1.406 1.946

x 2.500 -0.113 -0 344 -2.500 -0.015 -0.015
Y -0.080 2.500 -i. 6 -0,044 -2.500 -0.014
z -0.235 -0.210 0,500 -0,050 -0.372 -0.500

1.258 1.421 3-514 1,048 1.0a2 1.410

Table 2oCS'CLOkD>

i Table 2. Results of Cubic Cloud 5imulation (5x~x1 km Cloud)
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SIMULAT ION OF LIGHT SCATTERING IN CLOUDS
SVS/Weitek Version

Se~~ect - IRS Model r OF

N'o. of Zhe ons................... 25000 X( dimension (km) .............. 10.00
Y( dimension (km) ................. 0.00

Szur e zeni:h ,deg) ............. 30.00 2) dimension (kn) ............... .00
A~air:h deg;.................... 30.00

Estimated time ......... ........ . 2.5C

0 ptizao thifess o cloud... 50.30 Start time.................... 12:6:30.85
g2 asyr2etry param for sca t... 0.875 End time ...................... 2:29:54.74

2:ntinuum model Lc ............ 17.42

X+ Y + X- Y- Z-

cz.n: %) 2.70 2.46 !-.52 4.53 3.82 68.98
<cos> 0.679 0.696 0.712 -0.654 -0.623 -0.682
tev 2.830 2.837 3.9'9 2.863 2.829 3.970
x 5.000 -0.162 -0.339 -5.000 0.051 -0.028
Y -0.128 5.000 -0.172 0.062 -5.000 -0.021
Z -0.212 -0.211 0.500 -0.041 -0.074 -0.500
<t> 1.498 1.532 4.040 1.081 1.143 1.562

able 3. Results of Cubic Cloud Simulation (10xlOxI km Cloud)

L
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z ~RC E NT TR AN S MI 5 3 IOCN A7-C U LA T ED WI T~ I H M?

Lambertian Skewed-Larnbertian Hpriyey-Greenstein
MeiRadiance Profilp Padi ance Frofile Scdttering Function

Total tran.s
32.63 32.63 32.63

n:-ce24 . 0 2 9. 3 3 33.1j

Cie4. Companson of Cloud Transmission trom. lntensitv Reference MIodels
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C 3 M P A R : S 0 N O S IMULATION w/ DOWNLONF K D L
Simple Cloud Model

Select 3 Turbo Pascal 5.0 *Print 2N
.................................................................................

Zeni.h cf sun (deg) ............. 0.00
N(adir of si'na. (deg) .......... 0 .00
S'cot ec-4v rad on cloud (kn) . 5.64

_:ud area (km-2' ............ 100.>0

? 7h ns: total signal ......... ... ,0 5
r eo' sInal ......... .. 227-4 c .nickess ............... 24.70
to:tal b k g nd .............. 0: . Ickness off cloud (kmi......
rec'd bkgnd .......... 9.22-E-4 (eight of cloud (k0cm) ......... .. .0
iteal tkand ..5.E-. EX 5tension of spot from cax ... 0.399

z i M U L A T 1 0 N L N K M - D E L

splacecent of rec'r (km) ... 0.00 0t caor axis on surf )km) . .34

t2( d -Sec) ...... ............ .. . . 5 3.d (usec) ..... ................. 9. 2
Si' n al t3- s 7 e s ) ............ -34.33 .:znal dB Ocules) ............

Backgr-.n 'd!
, 2 W/m^2/nm) ...... 2ackground (dB W/m-2/nr) ........-. 30

SNR (dE' ......................... 70.50 R (dB) .......................... 65.4

-acle 5. Comrar-2onf of Sirnulation and Model Signal, Background, and SiN
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SimpTle Cloud Model
elect i urbo Paszal 5.0

en!utz: of sun deg ........... 01
%adi4r :f s:gnal (deg ......... g.o00

7tc! rac o. ud (k) 64
area (,m<2 ............

-: hron:tota2. sign~al...........5.,. --

re c'- t - na S ,; .- . .- ." .: ....r .e. . 4 .

_:ea c. . . . . - ', . . f -, max. . .

.. . ....... . . . . .. . . . .. . t.... . . .. .. . . . . . . . .. .

- s l~ c .. f reo' r *.km) ". '. ' a-or avus Or, surf k. - "
- . .: - sec ................... { 4 "2 B ,= e ) ................... -: 7

........................ E

2ao.Corz:r.z ,o-B W,'m 2/nm,) 3 2 ckgrcund (dB W'4 2, ..... -..
' . . . . . . . . . . . ........... 65. i SNP (d.B) .... ...................... . -
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C 0 MP AR i S ON OF SIMULATION w/ DOWNLINK MODEL
Simple Cloud Model

5elect 3 Turbo Pascal 5.0 ^Print ON

Z(enith of sun 'deg) .......... 0.00
N(adir of signal (deg) ........ 0.00
S(pot equiv rad on cloud (kin). 2.00
C(loud area (km^2) ............ 100.00

P(hotons: total signal ........ 7.500E5
rec'd signal ........ 9.796E-3 Optical thickness ............. 24.70
total bkgnd ......... 5.000E5 Thickness of cloud (km) ...... 1.00
rec'd bkgnd ......... 9.227E-4 HeIght of cloud (kin) ......... 1.00
Ideal bkgnd ......... 1.651E-3 eX(tension of spot from max.. 0.999

S I MULAT I ON - I NK MC D E L

D(isplacement of rec'r (kin) ... 0.00 Spot major axis on surf (km).. 0.23
t3(dB (usec) .................. 4.38 t3dB (usec) ................... 9.92
Signal (dB Joules) ............ -75.83 Signal (dB Joules) ............ -77.58
Background (dB W/m2/n=) ...... -1.32 Background (dB W/im2/nm) ...... -1.80
SNR (d ).......................... 85.93 SNR (dB) ........................ 80.29

Table 7. Comparison of Simulation and Model Signal, Background, and S/N
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?a.Ze 2ii'

. . . ... . .... .. ... .... .. ...... . ... . . . . .. . . . . . . . . . . . .. . . . . .Z en -f Z. n eg) .... .. ... . "ecer er Area . ............
" ci f sj .- a- Oect . .. . n l i t . ( r- ......

e < o L:.,_ tadI cn cl u k }.. Transmission ... .. .. .. .. .. ..

arV (.- .. g)................

Ph :c -.s : iota: signal ........
'ec s. .- a. thlckross ....... 24

Octal tkgn ......... 5.nQ:ES T"-'ckness .. .coua kr .) ...
:e::' : nk nd ......... 0.-7-447i ht Of cloud kmni ......... ".'
.zea~ zl h .. . .. " J- --i T, ysien of spot from max...

SMULA T C N L N K X I- M - "

., k2C ma'.r axisOs.:rf k:7 4.1-
........... .................... .. . . ..... ..............

::a - -a .... - .22 arsn (d3 oulles) .'........... -

.. ._-- ..... . . . . . .................. ............ ... -4 .54

'-, ,..........n .M S u and fode! S'iga Background, and ,,' N
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l 3Y.P AR S N 2 F S M "LA - : 3 N w' 3 w NL-N :

e-ec
z: d ? Tu -o D sa _ sc a 1 5- l -0.

. ... ..------------------------------------------------------------------------

- n tn -f s.n ;eg) .......... .... 0.0 D R(eceiver Area (n^2) ..........
N'aoir of signal (teg) ........... 50.00 Bandwidth (nm) .............
'pct eo :v rat on cloud (km) 2 %.9 Transmission ................

- . area (. ̂ 2) ............. . 1.00.00 uantum efficiency ..........
F01 (//- deg) ...............

s : t~tal signal ........ 9.000E5
rec'd signal ........ 7.624E-3 Cptical thickness ................ 24.10
total bkgnd ......... 5.00E5 T(hickness of cloud (km) . .00
rec'd bkgnd .......... 9.227E-4 H ,feight of cloud (km) .... ..... .. .00
ieal bkgnd ......... 1.651E-3 eX(tension of spot from max... :.999

S I M U L A T IO N L I N K M C 0 E L

:t*s=Laement of rec'r (km) . 0%o S-c ma~cr axis on surf (km- 0.3
d3 (-seo ..................... 5.00 :3c3 (usec) ..................... 9.92

Signal ,aB Joules) ............... -77.71 S-onal (dB Joules) ............. - 9.22
Eac-:r.... -B W/-n^2/nm) ....... - .32 Sackground (tB W/^2n)........-1.3
-'R , z.. ........................... ..32. 7 R dB) ...................... 77 15

andc Model Signa, Background, a11L,S, ,, .C ,,m a io ,rS m l t~ __ t7)o n ~ a RJ , ,
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M A R 1S O N OF S I MU L AT IO N w/ DOWNL INK MO D E L

Simple Cloud Model
Selet L Turbo Pascal 5.0 ^Pr-nt ON
................................................................................

Zienitih :f sun (deg, ............ 0.00 R(eceiver Area (m^2) ..........
N(adir of slanal (de 6........ 60.00 Bandwidth (nm).............
S3 pct ecTuv rad on cloud (kn) 2.00 Transmission ...............

:cud area (km^2)............ 100.00 Quantum efficiency ..........

FOV (+/- deg) ..............
- ,.otznos: Octai signal ........ 9.000E5

rec'd signal ........ 3.641E-3 Optical thickness ............. 24.70
total bkgnd ......... 5.00E5 T(hickness of cloud (kn) ...... 1.00
re,.'d bkgnd ......... 9.227E-4 H(eight of cloud (km) ........... 1.00
ideal bkgnd ......... 1.651E-3 eX'tension of spot from max.., 0.3CC

S I MU LA T IO N L I N K MO D E 7

Z(ismiacement cf rec'r (km) ... 2.83 Spot major axis on surf (kin) .. 5.-3
t3(2 (usec'..... ................. 4.79 t3dB (usec) ..... ................ 9.92
Sional 'B cu es) ............... -0.32 Siz a1 (dB joules) .............. - 2.24
-ac.x r un-c ,dB W/m-2/nm) ...... -1.32 Bac.ground (dB W/m-2,,.-,ni ...... -1,80
.N.. (CL i ...................... 76.36 SNR (d.B) ..... .................... . . 7 2

T.I ae 1)C~m: r~s{ Simulatio)n and Model Signal, Background, and S-/N
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OMAR SON OF S I MU LAT I C N w/ DOWN LINK M D L
Simple Cloud Model

5elect @ Turbo Pascal 5.0 ^Print CN

Z eniti of sun (deg) .......... 60.00 R(eceiver Area (M-2)..........
N(adir of signal (deq) .......... 0.00 Bandwidth (nm) ..............
S(pot ec-..v ta on cloud (km) . 5.64 Transmission ................
:-'zud area k2)............ .30.00 Quantum eff4ciency..........

FOV (+/- deg) ...............
P hot-ns: tz a! signal ........ 5 003E5

rez'd signal ......... 9.227E-4 Optical thickness ............. 25.72
ictal bkgnd ......... 5.000E5 T(hickness of cloud (kmn) ......
rec'&. bkgnd ......... 6.015 -4 H(eignt off cloud (km).........
ideal bkgnd .......... 096E- e:(tension of spot from ma..... C.999

c i M U LA T i O N L I N K MC D E -

D>isplacement cf rec'r (kin) ... 0.00 3=oot ma'-z axis on surf (k. .
::iB (usec) ...... ........ 3.75 dB kusec) ...................

Sinal (-B Joules) ............... - 4.33 -,nal. (dB Joules)............... -5.5
-ackgr:un. cL W/m^2/nm. ...... -6.3" Background (dB Wl/mn^2/nm) ...... -6.5?
SN? ) ........................... . 14 NR (dB) ......................... 70.0

TaC-e il Comparison of Simulation and NModel Signal, Background, andSiN
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MA S 0 N OF S IMU LAT I ZN w/ DOWNLINK MODEL
Simple Cloud Model

Select 3 Turbo Pascal 5.0 Prin ON

Z enizn of sun (deg) ............ 60.00 R(eceiver Area (m 2) ..........
N(adir of signal (deg) .......... 60.00 Bandwidth (nm) ..............
S(-ot ez',iv rad on cloud (kin) . 5.64 Transmission ................

oud P ,............IUu.UU Quantum effticienc ..........

! itcn : to -a- si nal... ... 5 OO E5 FOV (+/- deg) ...............
?hotons: tetal signal .......... 5.000E5

rec'd signal ........ 6.015E-4 Optical thickness ................ 25.72
total bkgnd ......... .500CE5 T(hickness of cloud (kn) ...... .
rec'd bkgnd ......... .015E-4 H(eight of cloud (km) .......... . 0
Ideal bkgnd ......... 1.096; 3 eX~tension of spot frm 7ax.. 0.99

S IMULATION LINK MODEL

o- s-cement of rec'r ki,)... ".0 Soot rnajor axis on surf (kn) 5..
-dB (sec)............... ....... 4 t2dB (usec)...................

S-4nal (d-B Joules) ............ -86. 19 Signal (dB Joules) ..........
Background (dB W/m^2/nm) ...... -6.19 Background (dB W/m^2/nm) ...... -6.59
SNR (dB) .... ..................... 63.82 SNR (dB) ... ...................... 66.87

Tabie 12. Comparison of Simulation and Model Signal, Background, and S/N

la-e'2.Cr
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Z: C X ? A R S S I M U L A T I O N w/ D 0 W N L i N K M OD E 
Simple Cloud Model

Select 3 Turbo Pascal 5.0 ^Print

Z(en !th of sun fdeg) ............ 60.00 R(eceiver Area (m-2) ..........
N'adi: of signal' (deg) ........ 0.00 Bandwidth (nm) ..............
S(pct equiv rad on cloud (km). 2.00 Transmission ..............

I;: ............... %.00 Qium er::ciency ..........
FCV (i-I- deg)................

P(hscns: total signal .......... 7.500E5

rec'd signal ........ 9.796E-3 Optical thickness ................ 25.72
total bkgnd ......... 5.000E5 T(hickness of cloud (km) ......
rec'd bkgnd ......... 6.015E-4 )(eight of cloud (kin) .........
ideal bkgnd .......... 096E-3 eX~tension of spot from max.. 0.99

S M U L A T I 0 NI N K M C D E L

L - _aceme.t cf rec'r (km) ... 0.00 2zot major axis on surf (k-i . . 0.3
- 'dB 'Sec , .................. 4.38 t:-I-B (usec) ...................
Sio-nal ':L ioz-les) ............ -75.83 Signal (dB Joules) ............
Background. t- W/m^2/nm) ...... -6.19 Background (dB W/m^2/nm) ...... -6.59
SINR . ..................... 88.77 SNR (dB) .......................... 83.87

Table 13. Comparison ot Simulation and Model Signal, Background, and S/N
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C M A IS O N OF S IMULAT ION w/ DOWNLiNg M O D EL
Simple Cloud Model

Select 2 Turbo Pascal 5.0 ^r- c,;

Z(enitn of sun (deg)............. 60.00 R(eceiver Area (m^2) ..........
N(adir cf s:.gnal (deg) .......... 0.00 Bandwidth (nm) ..............
S(pot ec iv rad on cloud (km) . 2.00 Transmission ................
C(icud area (kin^2) ............ 100.00 Quantum efficiency ..........

Zh~~h: tcod. signal ............ 000E5

rec'd signal......... 5.262E-3 Cptical t~hickness............. 25.72
total bkgnd .......... 5.0CE5 T hickness of cloud (kn) ...... .. 20
ec'd bkgnd ........... 6.OE.-4 H(eight of cloud (kn) ......... ...

ideal bkgnd .......... 1.096E-2 eX(tension of spot from max ... C.5E0

STiMULATION LINK MODEL

D iso'acement of rec' r (kin) ... : Srot major axis on surf Ikn) .

t3 (iB r 3 '-sec) .................. -t B (usec) ................... -
E~gna- tB Joules) .................. - Z 2 z na (dB joules) ............

azro-unrZc (dB W/m^2/nm) .... -o - Background (dB W/m^2/inm) ...... -E,.
SNP (dB) ......................

Table 14. Comparison of Simulation and Model Signal, Backgound, and S/N
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C 0 MP AR R S 0 N OF S I M U L A TI O N wi DOWNL INK M
Simple Cloud Model

Select @ Turbo Pascal 5.0 ^Print CN

Zienizh of sun ,deg) ............ 60.00 R'eceiver Area (m^2) .........

N(adir of signal (deg) ........ 60 nC Eanwidth (nm) ..............
S (cot ec-i±v rad on cloud (kn) 2.00 Transmission ................
. ............ r 2 0000 Quantum efficiency..........

FOV (+1- deg) ...............
P h trns: total signal ........ 9.0CCE5

rec'd signal ......... 7.624E-3 Optical thickness ............. .-2
t: al bkgnd. .......... 5.000E5 T hickness of cloud (k:- ...... 1 0
rec'd bkgnd......... 6.0!5E-4 H eight of cloud (km) .........
;.teal bkand .......... 1.096F-3 eX tension o f sot fzom max ...

Z:MULATION LINK MO L

.. . . . .......................... .. .. .. .-'!slacem.ent of rec'r (kin) ,. 0.0 Outno 30 n~uf
t: {dB V[:sec'....................... -. 3 :OcB .:usec)..................... " "

S.gna zB 2::o.es) ............ - S na (dB Joues ............
Backgrounc P 'B Wmn2/nm) ...... --6.19 Background (dB W/m-2/n.) ......
SNR dB) ...................... 35 62 SNF, ItB) . ......................

:ThIp 5. Com9arson of Simulation and Model Signal, Background, and S,,,
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? R S N F S iMULAT ION w/ DOWN L i N MOEL
Simple Cloud Model
Turbo Pascal 5.0 ^rint ON

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - -. . . ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Z enirTh r sun idea) ........... 60.00 R(eceiver Area (m 2).. ..
N(ad. of signal (de...... . 6.00 Bandwidth (ir)...............

S =co' equiv rad on cloud (kin). 2.00 Transmission ................
_oud area km-2) .............. 100,00 Quantum efficien-y ..........

FCV (+/- deg) ...............
?herons: total signal .......... 9.0C0ES

rec'd signa l........ 3.642E-3 Optical thickness ........ .... 25.2
t ota hkgnd ......... 5.00CE5 Thicxness of cloud (kin) .0.
rec'i bk-nd .......... .0'55-4 H(eight of cloud (kn) .........
ideal bkgnd .......... 0%E-3 'Xtension of spot fr m max.

S I M U TC L A T T NE
................................................................................

.aeme nt c rq c' r 'ki) 2 sot ma-cr axis on surf ;km) . -

! ' eo(........................ .... . 4 tO B (usec) ...... .............
Signal tE Joules) .............. . -30.92 Signal (dB joules) ............... - 2.36
Back~r:o':n 'L W/m^2/nn) ...... -6.19 Background (dB w/m^2/nm) ...... 659
SN;R ", ............................. 80.40 SNR (dB) ....................... 75.12

16 voprisonl of Simultion and Model Signal, Background, and S/Ne 6 opa!sno iril ,o
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Fig-ure 1. Schematic Drawing of Cubic Cloud Model
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solid angle = i]
range = d

DETECTOR

Figure 2. Schematic of Intensity Reference Method
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Cloud Reflection Radiance Profile
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Cloud Reflection Radiance Profile
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Cloud Reflection Radiance Profile

I, I

J/) I

L N_ _ _

009
A .eI I

* II

I ' i
153; 45eg) 75 g

Ang~e eg

31mulat-on Vs. Lambertian

7au - 20
llf'use Source
I00, 000 Random Trials

-'e (NN1,' 2an .cu t imuiatfon and Lambertian Radianct Protile

(C_ oud Pteftection)



Optical Transmission Through Clouds
Cubic Cloud Model and 5mulA--O,

Page 34

Cloud Reflection Radiance Profile
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Cloud Reflection Radiance Profile
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Cloud Reflection Radiance Profile
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Cloud Transmission Radiance Profile
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Cloud Transmission Radiance Profile
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Cloud Transmission Radiance Profile
1.21

1.0 U!

q0.

S0.8

.4
kLL

--I

S0

44 ,

oI

0 2t

0 15 30 45 60 75 90

Angle (deg)

Simulation vs. Lambertia,

Tau - 20
Diffuse Source
"00, 000 Random Triais

igu...11. (Zcmparison of Simulation and Lambertian Radiance Profile
(Cloud Transmission)



Optical Transmission Through Clouds
Cubic Cloud Model and Simulati"on

Page 4

Cloud Transmission Radiance Profile
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Cloud Transmission Radiance Profile
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Cloud Transmission Radiance Profile
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Cloud Transmission Radiance Profile
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Pulse Shape for Cloud Transmission
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Pulse Shape for Cloud Transmission
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-PPENDLX A. MONTE CARLO SRMULATION OF RADIATIVE TRA-NSFER

1.0 INTRODUCTION

The purpose of this Appendix is to give a brief introduction to and description of
Monte Carlo simulation methods for radiative transfer problems. The Appendix is
intended as an adjunct to the Monte Carlo codes developed for the Naval Ocean
Systems Center; its function is to define the underlying basis of the codes and does
not purport e a be, a Fpner on Monte Carlo simulations. The reader is referred to
Kalos and Whitlock (1986) for a general discussion of Monte Carlo methods and to
Lenoble (1985) for a discussion of its applicaion to radiative transfer.

In a Monte Carlo computation one photon at a time is followed along its three-
dim ensional path through a scattering medium. Its fate is determined by suitable
probability distributions for mean free path, absorvtion, scattering angle, wall
ab-,orpticn and reflection, and so on. The photon is followed until it is absorbed,
detected, or leaves the field of interest. A sufficient number of photons are followed
until a picture of the system emerges.

The Monte Carlo method has some advantages over other computational methods
for radiative transfer, namely

* any phase function can be used

* can include polarization (with a two times penalty in computation time)

* several detectors may be included (small penalty in computation time)

* can divide medium into both vertical and horizontal lavers of different

optical properties (small penalty in computation time)

• complex geometries can be used (small penalty in computation time)

Naturally, there are disadvantages as well.

" not suitable if high accuracy is desired (doul 'ng the accuracy requires

quadrupling the computer time)

* always get bin averaged radiances rather than point values (smaller bins

mean increased computation time for a given accuracy)

• ritot practical for optically thick media (say, r > 100)

A ecnncal discussion of the Monte Carlo method for radiative transfer is presented
in Section 2. Fhe phvsics is described and the geometry of scattering is presented.
Next, the statistical relationships required are reviewed- Then the probabilitv
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distributions for mean free path and scattering angles are discussed. Finallv, some
miscellaneous subjects such as absorption and reflection are discussed.

Section 3 contains a discussion of the computational aspects of Monte Carle
simulation. Program design philosophy and layout are discussed followed by a
collection of tricks the author has found useful for reducing the computation time.

References and List of Figures are gien in Sections 4 and 5, respectively.

2.0 TECI-,JCAL DISCUSSION

Figure A-: shows a schematic of the scattering process. Photons are introduced into
the scattering medium from a source with a specified mean free path and
orientation. Upon encountering a scattering particle the photon is scattered off with
a new mean free path and direction. When the photon is scattered, its departure
direction is determined relative to its arrival direction. In order to properly follow
tzhe photon its position in absolute coordinates must be determined.

2.1 Geometrical Considerations

Figure A-2 shows a sketch of the geometry of scattering. The primed coordinate
system Is relative to the arrival direction (i.e., z' aligns with the direction of the
arriving photon). The unprimed coordinate system is aligned -tth the absolute
coordinates.

Consider a scattering event with a unit mean free path scattered at a zenith angie

0' and azimuth angle, a' relative to the arrival direction. Then the folowing
ransfor,-ration of coordinates applies

I /

x = sina cosV

y' = sina'sinO (A-i)

Z' =Cosa

x =-y sina- + x"cos a

"_sXna' 4 iycos0 (;2)

- i +cos

Z :V 3
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and

0 =Cos Z

= tan 1 (Y)(A-4)

Equations (A-I) through (A-4) must be computed for each scattering event. This can
literally be in the tens of millions for a modest simulation. Unfortunately,
computation times can be quite large because of the trigonometric functions. After
much experimentation with alternative computation schemes (including fast look-
up tables) it was found that the entire calculation could be done much faster in
terms of direction cosines, and that very few trigonometric calculations are required
at all. In fact, as will be seen later on, even the scattering angle zenith can be
randomly drawn in terms of its direction cosine. (The azimuth is still drawn as an
angle, however.)

Referring to Figure A-3, the direction cosines of the translation vector ix from the

point of scattering, i- to the next collision x are given by

= 2- 2 (A-B)

1- 13

12 c 7 .1 A-6)
2

S3

3 ---13 2 .+ 1'"I , (A-7)

where

c-1 3 ,"f- l +3 13

and , are the direction cosines of the scattered photon in absolute coordinates, 1,
11

are 'hose in co-ordinates relative to the arriving photon, and ' are those of the
arriving photon in absolute coordinates. Notice that there is no explicit dependence

any angles.

, -r a mean .ree path o~f length d the final positiun k is determined trom

iE I(..-Q)
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It has been shown that the photon position can be tracked by calculating its position
from its previous position and translation vector. The translation vector is obtained
from a randomly drawn mean free path, direction cosine of zenith, and azimuth
angle.

2 " Statistical Considerations

Refering to Figure A-4, p(x) is called a probability density function and its integral
(x) is called a probabilit distribution function. The definition of the probability

density function requires that

p (x)- 0

(A-if)
f P(x)dx
3

The probability distibution function is a cumulative probability. i.e.,

P(X x)= f(x)= Jp(t)dt (A-I1)

The -ist b ,.ut on function satisfies these three conditions:

1. limf(x)=0; limf(x)=l

2. f(x) 0; f(Y) f(x)if y > x
3. f(x is continuous

binallv, to get a random variable x with a distribution function dxi, choose a
random number, RN, uniform in [0,11 and get x from the inverse function, i.e.,

X = f!(RN) (A-12)

it Is ai-vavs worthwhile to test that an algorithm indeed samples "(x). Several
methods to check an algorithm can be used. The simplest consists of generating
random variables and sorting the results of Eq. (A-i2) into bins within the range ot
:he random variable. This can then be compared with the orobabi tv density

n'ct r e : es t. -r .r. tr ,1 it connect, with d
7,-,,on of -terest :-I radiative ,rar ster
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2.3 lean Free Path

Simulation of the distance traveled between collisions is calculated directb' since the
fraction of radiation transmitted through a given distance is also the probability of a
pDhoton traveling the same distance. Thus,

r' (X) exp (-r exp( - f ~S (A '~-I
\. 0

f(x) I i-exp (--r) tfA- 14)

J Ods = r=-in( -RN) (A-15)
0

-fte scattering coefficient is constant then the mean free path is given simplY by

s =-1nRN)k3 (A-1 6)

Figure A-:- shows a comparison of the statistical model, Eq. (A-16) with the
Probabilkv dliensitv function. Eq. (A-13) (for a constant scattering coefficient). This

d.emonstrates that applying Eq. (A-16) to random numbers uniform in [0,11 does
dedre-,!icate the expected probability density fi. nction.

%lsore generally, Eq. (A-15) must be iterated to get the mean tree pat. For a
,-mne two-layer model, however, analytic results can also be obtained. The
=T:ortart p)oint there is to adjust the mean free path if the photon goes from a

7~c n ot one optical density to the other. Figure A-6 shows a sketch ot the two-layer
* <ei

-- ation A-15) suggests that a medium ot continuously variable optical properties
=ztr be teated simpvly by transforming from the physical plane to that of the

)-W ::cal thid1c<ness, r. This has never been tried by) the author.

14 S)cattering Functions

wtteer~t';ctt~rng unct-lons have ben usd l onte Car'o >Kmu'a tions of
:~Ua~e t~h2Ot tr ditferent phsca roblems. Fig-ure A-7 qh~sase~ the

a' geome try. Tb) rlef Iist bowi m ted to those W th WhicIh :e 11"!her IS
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" uniform distribution (usually applicable to the azimuth angle of

scattering)
" isotropic (equal distribution of photons per unit solid angle; usually

application to photon emission on quantum state transitions)
* Lambertian (equal distribution of photons per unit solid angle per unit

area; usually applicable to reflection from surfaces)
* Mie scattering (complex scattering pattern caused by the interaction of

electromagnetic waves with molecular dipoles characterized by strong
forward scattering, usually applicable to scattering in aerosols and clouds).

Figure A-8 shows a schematic of Mie scattering
* Henyev-Greenstein (an analvtical model with characteristics of Mie

scattering)
• Irvine-Henvey-Greenstein (an extension of the above model with

improved backward scattering)
• Empirical (phase function and/or distribution are fit to experimental data;

these have been used for clouds and sea water, for example)
" Skewed-Lambertian (cosine-to-the-n behavior)

Other possibilities abound as well. King and Harbhvardhan (1986) and others have
used phase functions derived from Mie scattering calculations for a cloud with a
particle size distribution. Waldman (1988) has used curve fits to experimental data
of Petzold (1972) to get the scattering function in sea water. Some specific examples
are considered in detail below.

A. Uniform Distribution

An example of uniform distribution is the azimuth angle upon scattering. The
angle is selected randomly from

0 = 21r RN

Where RN is uniform in [0,1].

B. Isotropic Distribution

r sotrQmic distribution applies, for example, to spontaneous emission of a photon

7 !,'1g a change in quantum state such as fluorescence. Statisticallv, the ntensity, or
:,umber of photons per steradian is constant, therefore
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p1 (0) =sin 0

f(0) = 1- Cosa (A- 17)

/1RN

(Notice that RN is functionally equivalent to 1-R.N since RIN is uniform in [0,1].)

C. Lambertian Distribution

This s applicable to diffuse reflection from a surface. Statistically, the radiance or
number of photons per unit area, per steradian is constant, therefore

PL(O) =
2 sina Cosa

fL(69) = 1- Cos '1 (A- 18)

,u= VRN

Figuire A-9 shows a comparison of the statistical mod2l and the probability density
function.

D. i-ienyev-Greenstein Distribution

This is* a commonly used model for Mie scattering. Although it lacks the deta-ils of
,he Mescattering it has the general characteristics and often proves to be an
adequate model for cloud and aerosol studies. Its principal advantage is its analytic
f orm, viZ.

=H (1 - g2 )sino 3

32

2g )1- g ~ 2 2 oO(A- 19)

+ g2-g'
l~g-~(l~---2g RN)

A-!,-_;'A-Uhows; a comnparison of the statisticl mnodel and the prehalbiltvy JcnsitV
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E. Irvine-Henvey-Greenstein Distribution

The principal shortcoming of the Henvey-Greenstein phase function is its weak
backward scattering lobe. The Irvine model attempts to correct this by summing two
Henvev-Greenstein phase functions with positive and negative asymmetries,
respectively. Thus,

f:HG() = Hf (o ;g) - (1 - n (; 2) A -20

where a is the fraction of forward scattered photons. Generally, g,> 0 and g, < 0.
Th direction cosine must be obtained from the distribution function by iteration.
Figure A-li shows a comparison of the statistical model and the probability densitv
function.

Sea Water Scattering Distribution

The Henvev-Greenstein phase function is not generally adequate to model scattering
of light in sea water because a high absorption coefficient puts a stronger emphasis
on the forward and backward scattering lobes. Statistical models for the sea water
scatter-.ng distribution function can be developed from empirical data, such as that
oresented bv Petzold (1972).

Figure A-12 shows a comparison of such a statistical model (curie fit to data) and
the probability density funcion (data on the volume scattering function in sea
wa ter).

C. Skewed-Lambertian

There are no specific applications for this distribution. Frequently, however, one
encounters radiance profiles which are described as having "cosine-to-the-n'

ehavior, i.e.,

p( ) = (n -l)cos " sino

t.( ) : I - cos ' A 2

R N'

:z r. . . :ovs a ofornar:son , the itau iti -n dei and the \Qr ... .. :v -
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. Surface Reflection

Surface reflections mav be diffuse or specular. One special case of diffuse reflection
is Lambertian, in which the reflected radiance is the same in all directions. Figure
A-12 shows a sketch of the reflected irradiance for various types of surface reflection.

A commonlv encountered problem in radiative transfer is the specular reflection of
photons off curved surfaces. Here the vector form of Fermat's principle is required
to determine the direction of the reflected photon,

- -. / x
r 2= ( - Af rn !A-22)

where F and F" are the incident and reflected directions, respectively, and t' is
the unit normal to the surface (see Figure A-12).

When the walls have discontinuous first derivatives (i.e., corners, as in the
boundary of a wall and floor) then special attention must be paid to the photon
reflection. As unlikely as such an encounter may be in a simulation, experience has
shown that it can and will happen, often with dire consequences in a program
which did not anticipate it.

2.6 Absorption

Absorption can occur within the scattering medium or at a surface. In either case
the probabiiity of the photon being absorbed can be computed and the photon path
can be continued, or not, depending on the outcome.

This can be verv inefficient from a computational point of view, however. Rather,
.,nat is recommended is that each photon is a-signed a weight, or probability, which
is dir.n" nned upon each absorption. The aecrease in photon weight is just the

robabiiitv that it was absorbed. In this way the computation can proceed without
star"ung a new photon each time one is absorbed.

7 Gaussian Radiance Profile

This special topic is of relevance to photon detection under water where the
radiance profile is typically Gaussian (see, for example, Jerlov, i97). There are
:rany ways to generate random variables which replicate Gaussian p'robabilitv

,tv functions, but these dens;itv functions are not the same as 'hose associated

Ia (ausian rau;ance ratue The difference i.; that the radiance profile
air s an addit ~nai cosine term tfor 1he area effect) and a sine term ,:or the s olid

3t Ci ___ __
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in a formal sense the probability density funcfton for a Gaussian iadiance profile for
a specific receiver is given by

f exp _OS asint9d 0
= (A-23)

f'Xp( (-)Cosa sinO')

whee i. s the re~eiv;er field of view half-angle. It has been assumed that the
,2ceiver ',as a cosine response (otherwise substitute t-he response function for
:os9

,he probability o int rtn this ini closed form, then detr ii g te dsrb to

fucio ndis nere i er. Waldman (1987) has found a suitable
approximation for the exponential term which permits integration of Eq. (22).
.\'evertheless, the distribution function is Cumbersome a-nd the direction cosin' a
:)rlv be obtained by iteration. This is somewhat ti*me consuming a-nd a table look-up
,,s -re~er.ed. Figure A-13 shows a comparison of the statistical model and the
nrobabiit density function for a receiver with a 90' field of view half-angle (Fiat

7 ate receiver).

2.S -"Carlo Simulat-ion Results

-eera k s of results can be glean~ed from Monte Ca-rlo simulations. These can be
ro a v ._.'Lracterized, as global, statistical, and specitic As an example. consr lg

:rnsn~ o fomipoint scource through a cloud. Global re-sults consisc ot the total
auner ol pnotons reflected and transmitted. S-Itistical information might con~ist

.,.e nean nd a.rms values for exit radius, angle, and time. Thie mean and rms a-re
a~cua~euas to'iows:

A -_4)
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take advantage of faster machines and compilers as they become available. During
program development it is desirable to test modules indepenciently and also to build
in debugging statements which can be turned on at will . (Actually, with modern
compilers and debuggers this is probably not necessary.) Finally, the programming
should be kept simple. There are times when this will be in direct conflict with
making the program as fast as possible. Of course, make the program run faster, but
document the simple procedure and the origin of the more arcane one in the code
itself.

._.~ Program Execution Speed

in Monte Carlo simulations program execution speed may mean the difference
etween getting an answer or not. Methods of increasing program speed fall into

:,°o categories, general and ad hoc. General methods consist of programming
arac:ices which are germane to all simulations. For example, it has already been

rnentoned that :rigonometric calculations ae slow ,,ompared to those for direction
cosznes. This applies to scattering statistics as well, where the direction cosines can

'e :cund directly. Along the same lines, I - 42 is much faster than sine function;

ust beware of angles between r and 2, . Frequently, look-up tables can be faster
t:!an cor:utation and can contain enough entries so that interpolation is not
:e~uire:. Using pointers to the table (available in the Pascal and C languages) is
even :aster Avoid loops, particularly for updating direction cosines in position,

-here is a ,are computational overhead involved with a loop. Finally, use the
fastest flcatng point representation available on the target machine and compiler;
,nere are no haro and fast rules on this. On some machines/compilers reals are
:aster .a. doubles because the data fetches are quicker, while on others, they are
'-O',.,, 'eecause the numerical coprocessor must convert all the reals to doubles

''N , tOf course, these considerations may be overridden by 2,uestions of
-ercision and range.

en Ja r g with specific problems some ad hoc tricks may be found that can
:,)ce :putation time significantly. Without any elaboration, these may consist
e generation of photons (i.e., i noring ones wh'cn initiallv o otf in the

.." don), discarding photons which stray too tar, caiclating several cases at
" e osible (e.g., several receiver loc 'ions, different wavelength photons, etc.),

r. c'mplex media (e.g., r an atmospheric transmissi0on .robler, treat a cloud
S . ce reflector rather th'an irrulating it), e1a1gerte ' ,' e L ,i ze to olect

-. . . .... - :n, 'ea,t on receiver t~'] , ( -n ,, ,. .,:tq to .< la l.r. <, .. n.

" ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ -]e ',he- '  
r 0 "" '!:I i _,L.i~ a ~ ~ .)n "ltt

7". J.-L," ' 3 ()r .. .. . P - r Jl -l o m,'rL t Juso ,h[t onlq-s \, ilf ,,c. < I " r) T.d ,

... . ~ ~ ~ ~ ~ il -- t,,.,.)" a s-' 'r ? ,S .l t )t q)[.. . ..
-,i-=~~~~~~~~~ a L ;> J<l d,;,l 1.:l~ t IC <
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Figure A-3. Schematic of Single Scattering Geometry
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f~x

To get a random variable x with the
distribution function f(x), choose a random
variable, RN, uniform in to, 1] and get x from
the inverse function, i.e.,

x= f (RN)
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aQ = sinOd~dO = d (cosO) do

z

FigureA-7. catteing Goe'
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Complex scattering pattern is c~aused by the interaction of
e,-ectrorna(netic waves with molecular dipoles characterized by
~:'-ona forward scattering.

Figure A-8. Schematic ci Mie Scattering
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Sea W~ater Phase Function (Empirical)
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APPENDIX B. LNTENSITY REFERENCE METHOD FOR RADIATIVE TRANSFER

1.0 LNTRODUCTION

The purpose of this Appendix is to give a brief description of the intensity reference
method. The method has been described bv Meier, Lee, and Anderson (1978) and

ill be reviewed briefly here along with a descripton of a model extension for cases
where the photon is near the receiver. Basically, there are three distinct domains of

nterest wlhich are referred to as far-field, mid-field, and near-field depending upon
tire distance of the photon to the detector The technical discussion contains a Lief
dezrip on of each of these.

in th-e intensity reference method the probability of reaching the detector is
.omu ted and stored at each photon scattering. The accumulated probabilities are
:hen proportional to the intensity, as described below Photons continue to follow
their natural histories as determined by the specified physical processes. The
advantage of this scheme is that, in contrast to the low likelihood of a photon
actually hitting a receiver, there will always be some probability of it actuaily
occur i ,-n Thus, summing the probabilities greatly improves the statistics since
each scattering event contributes to the intensity. In addition, the probability is
computed exactly from the scattering point to the receiver. no other approximations
are introduced. Moreover, the technique lends itself to vignetted receivers, i.e.,
receivers with a limited field of view (which lowers the likelihood of a photon

.n. e cetector even further).

. E -LN CAL DISCSSION

.te intensity reference method considers the probability of the ;hoton reachnng a
::ecm.or as a consequence of a scattering event. Figure B-I how; a schematic

Taw,: or ne method. The probahilitv of a photon being scattered in "he cirection
Soctectir is

p/ = FP(Od[

w.ere the integration is bounded bv the solid angle from rhe scattering event to the
receiver area. -iowever, along the path to the detector the photon may be absorbed
_, scattered out of the path. Thus, the probability of the photon actual!- reaching,

e rec e-e.r is dimnirshed. In addition, the photon weight upon cattcrinc; is
accun:ed r~r, o that the probabilitx' s finally given by
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W 13 -2)

where v i the initial photon weight, a and ' 3 are the absorption and scattering
coefficients, respectively, and d is range from the scatterer to the differential solid
angle. Equation (B-2) is a two-dimensional integration and is numerically
ciumbersome

21 Ea.-field Avproximation

The far-field approxim ation isfreqvuently employed. in radiative transker problcms.
It1 is applicable when the d:etector area is small compared with the square of the
-ange; in other words, for small solid angles. In that case, Eq. (B-2) becomes

P W P(0,) cr)B-3)
wvh er e

.A,Cos; A, COS 3

d z 2 13-4)1

and 0, :s the scattering anigle given by

Cosa, 1 B _35)

.,vnere Is the direction cosine (unit vector) of the scattering point L, and is the

.rec:non cosine of the photon arriving at x. This is the most cormmen aTplication
.e nt.:ensitv reference method. It's particularliv useful in atrnosphernc -roblems

wner "-e cdis~aces are large and the receivers are sm all.

2. 2 Mid-field CaIlculation

..-e rar-field approximation breaks down when the photon i., s;uffcientdv close to
t-, reevrbcueteslid an. -!e can no longer be approximated by Eq, 13-4).
_;us, recourse -nu,-I be made to Eq. (B3-1). For a circular recevc Iq Bl can be
Vn; ten as

K P ('90 ) e
~ J ------ cos $ r J.1r JO B-0
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vvheice R tshe~ receiver radius. The distance.. J, -he -scattu,- an~le 69, anid ti-e
.1eni-h a-' Lle,. are ail functions or t11ie independent varian~ r-ie and
ComnP ar, so ns orI computations with Eqs. (B-3 and t -64) show that Eq. (B -3 is suliiacoe

if the rar e - about ten times the receiver radius. Generally speaking, Eq-. (B-6) is
not su ta o' r rnclusion in Monte Carlo sirnuiations -hut should no- 'be ru~tfc o 1t
alto getner

As the :~tetcloser to che -eceiver Hie accuracy reqiuired of the itcno
.nc-eases, t, wm Ut own. This o c curs at a height above the -ecei -?r or 11-1:

,a, Tc 1e 1ais nhtcose r ange -he 5,)l1 i J Ie s ery n ear, I
Yfto d th dt~s m nce! Thus, the in tegra can nbe nr\mtJs

wrer aso~~~-a~d scattering have neen neqe, the vnest -t-erence
rnetnodA Loz make senle if t~e me~diurn was so o:, tca1I dense at th at dsrce

,Lo the ise~e rt he direction cosine of the arrvrn ihoton an .e

an a Vw rd s-attermng functionr,0v

- -,5cler lv co-rrec, he 'he' rDoen:> au_ tr:

er r11 T 47 % , UI
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APEDX OIFE AMA FUNCTION PULSE

The mod~iied function is frequently used as a model for the temporal pulse
spreaing, of scattered radiation. The purpose of this Appendix is to collect the
appropriate relations for the pulse time to peak, mean, tins, and 3dB pulsewidith.
The n-ulse is expressed as a probability density function

p(t) = k 2t C C- 1

wher e k i ,e inverse characteristic time~ The distribution furictiorn is then

f(t )dUt k. 1 I~i h ~C-

;c t~t Jand 1.o)= The time to pea-k is given by

dp(t) =1(C--P

dt k
: e :'iearn -:rre is given by

t= J(tdt=- C)

-he r=,- '=me 's given by

'13 s: ~Ie TAidth is 'given, by the difference i n times wh'ere t ~ j)i
:ust De --ved by iteration, there results

2.44-638603'92.570 i
Lk kc



The views and concusions contained In tris report are those of

the contractors and should not be interpreted as representing
the official policies either expressed or implied, of the naval

Ocean Systems Center or the U S. Government,

Approved for public release. distribution Is unlimited


